In order to investigate the mechanism of uranium accumulation in the Kupferschiefer, 88 samples from 10 sections were analysed by geochemical method. The results indicate that the higher uranium contents originated from and are transported from the underlying Rotliegendes into the Kupferschiefer by oxidized brines, and then precipitated when they encountered the organic matter, which occurred as reductant, in the Kupferschiefer.
I. INTRODUCTION
As an energy resource, uranium ore deposits become more and more important. Uranium ore deposits occur in nearly every major rock type in the earth's crust. Nearly all sedimentary processes are capable of concentrating or dispersing uranium (Nash et al., 1981) . It is now generally accepted that uranium deposits in sediment by two geochemical processes: (1) oxidation of uranium to soluble U(VI) species permitting aqueous transport, perhaps most commonly as uranyl-carbonate complexes; (2) reduction, principally by C, S -2 , or Fe +2 species, to U(IV) to allow precipitation of uraninite (pichblende) and coffinite, although the specific reductant commonly cannot be determined because these three tend to be associated geologically. The Kupferschiefer (copper shale) of the basal Zechstein of the Permian in centre European is world-famous black shale with its high-base metal concentration. Base metals occurred in three stages:
1. Marowsky (1969) and Wedepohl (1971) reported Kupferschiefer as a "prototype of syn-sedimentary ore deposits" with bacterial sulfate reduction as the key process for H 2 S formation and base metal precipitation already during deposition of the Kupferschiefer; 2. Based on the knowledge arising from large scale investigations of the Kupferschiefer in ore-bearing areas from the former German Democratic Republic, Rentzsch (1974) has shown that Cu mineralisation in the Kupferschiefer was controlled by Rote Fäule, which is clearly of a post-depositional origin. The Rote Fäule is a red-coluored hematite zone that contacts, and sometimes even cross-cuts the Kupferschiefer horizon and indicates incursion of late oxidizing fluids into the Kupferschiefer after its deposition (Rentzsch, 1991; Cathles III et al., 1993) . Furthermore, Brown (1978) compared the textures of ore minerals in some of the largest stratiform copper deposits of the world and concluded that Cu mineralisation in the Kupferschiefer is generally of a post-sedimentary origin; 3. Based on the investigation of the Kupferschiefer from the Fore-Sudetic Monocline and considering the paleogeography during the Lower Zechstein, Jowett (1986) suggested a post-diagenetic model for the final metal enrichment process in the Kupferschiefer. According to this model, base metals were leached from the Rotliegende basement by the oxidizing solutions, and then transported towards the Kupferschiefer barrier where metals were precipitated due to changes in redox conditions. According to Jowett (1986) , mid-Triassic rifting events were the driving force for the enrichment process. Higher uranium concentration has been reported by Hammer et al. (1989) . However, the distribution and origin of uranium in the Kupferschiefer has not been studied until now. The objective of the present study is to clarify the mechanism of uranium accumulation in the Kupferschiefer and its origin.
II. GEOLOGICAL SETTING AND SAMPLING
Uranium accumulation is closely related with depositional environments and tectonic activities. In this study, 10 Kupferschiefer sections representing different depositional environments and tectonic location ( Figure 1 ) were selected in order to study the mechanism of uranium accumulation. Two sections were taken from the NorthSudetic Syncline, where the Konrad mine is located (Figure 2 ). The deposition of the Kupferschiefer in this mine occurred in a shallow near-shore environment and the water depth did not exceed several 10s of meters (Oszczepalski, 1989; Sun et al., 1995) . Foraminifera were found in sediments from this area. A lower salinity or normal marine environment can be expected for the Zechstein sea in this area. In the Fore-Sudetic Monocline, six sections from Rudna, Lubin, Sieroszowice, and Polcowice mines were selected. Sedimentation in the area of the Rudna and Lubin mines took place in a deep shelf (Figure 2 ). For the deep shelf area of the Zechstein basin, a water depth up to several hundred meters was proposed (Smith, 1980; Paul, 1982) . According to Oszczepalski (1989) and Sun et al. (1995) , the Kupferschiefer in the Rudna and Lubin mines was formed in anoxic deep-water condition. The Kupferschiefer in the Sieroszowice and Polkowice mines was deposited in a normal marine environment where the water was more shallow than in the Lubin mine area, but deeper than in the Konrad mine because of relief of the basin floor. Foraminifera were also found on the polished blocks from the Polkowice mine. The Lubin section II also represents a horizontal veinlet type of the Kupferschiefer. In this section, sample L23 was taken from a horizontal veinlet. The sample is porous and formed before or after sulfide mineralisation (Jowett, 1987) .
Two sections were selected from locations in Germany. The Sangerhausen section was selected due to the high-base metal content (Sun and Püttmann, 1997) . 13 samples of a 0.58 m section of the Kupferschiefer and adjacent Zechstein carbonates were taken from Niederröblingen mine in the Sangerhausen basin in order to study the process of uranium enrichment in the Kupferschiefer of an area, which was not directly influenced (Sun et al., 1995) by the oxidizing brines from the Rote Fäule. However, Rote Fäule is known to occur in the basement rocks.
The Oberkatz section was selected because the base metal accumulation of the Kupferschiefer in the Oberkatz Schwelle belongs to a structure-controlled mineralisation (Sun and Püttmann, 1996) . Almost 18 samples were taken from a core of the Kupferschiefer from the Oberkatz-Schwelle in Thüringen (Figure 3 ). There is no Rote Fäule in this area, but structure-controlled mineralisation is observed as a result of Mesozoic to Tertiary tectonic activities (Sun and Püttmann, 1996) . The purpose of this section selected is to study the relationship of uranium accumulation and the structures in the Kupferschiefer.
Base metal enrichment in the Kupferschiefer is generally associated with the occurrence of Rote Fäule. Therefore, uranium accumulation could be also associated with the occurrence of the Rote Fäule. In the Konrad mine, the Rote Fäule is observed throughout the whole sections. In the Polkowice section, the Rote Fäule occurred only in the bottom sample of the section. In the Sangerhausen and Sieroszowice sections, the Rote Fäule is observed in a distance of less than one meter under the sections. No Rote Fäule is observed in the Oberkatz, Rudna, and Lubin sections.
III. ANALYTICAL METHODS
The samples of the Lubin and Oberkatz sections were taken from cores, and other samples were taken from mines. Finely ground (<0.2 mm) rock samples were Soxhletextracted for 24 hours using dichloromethane as solvent.
The organic carbon content (C org ) was measured using a Leco CR-12 carbon analyser. Carbonates were removed from the samples by prior treatment with concentrated Figure 3. Sketch model to show the origin of structure-controlled mineralisation in the Kupferschiefer of the Okerkatz Schwellen (after Sun and Püttmann, 1996) . Abbreviations: A1 = Werra anhydrite; Ca1 = Zechstein carbonates; T1 = Kupferschiefer; S1 = Weissliegendes; B = basement.
hydrochloric acid. The total sulphur content was measured on ground sample material using a Leco CS analyser.
Copper and uranium contents were determined by instrumental neutron activation analysis (INAA) at ACTLABS, Toronto, Canada.
IV. RESULTS AND DISCUSSION a. Uranium and C org contents Although many substances can act as a reductant for uranium precipitation, organic matter is the most common specie (Nash et al., 1981) . In the Kupferschiefer, the role of organic matter as a reductant for uranium accumulation is evident. Higher uranium contents in most samples are always occurring together with higher C org contents along a same section. The highest uranium content (a value of 420 ppm) in sample S2 of the Sangerhausen section also has the highest C org content (15.7%). This phenomenon may indicate that the C org contents is a very important factor for uranium accumulation in the Kupferschiefer. However, in several samples of the Rudna sections, the C org contents are higher than 9%, whereas their uranium contents are lower than 14 ppm. Especially, the uranium is lower than 6 ppm in sample R12, whereas its C org content is 10%. In sample L3 of the Lubin section, the C org content reaches 8.5%, whereas its uranium content is only 19 ppm. In sample P2 of the Polkowice section, the C org content reaches 10.5%, whereas its uranium content is only 25 ppm. This different distribution of uranium in the Kupferschiefer may indicate that the C org content is not the dominant factor for uranium accumulation. Furthermore, this distribution variation may also indicate that the uranium accumulation did not take place during the syn-sedimentary stage.
b. Uranium and Sulphur contents
Sulphur contents were measured in six sections (Table 1 ). In the Lubin and Oberkatz sections, its contents are related to uranium content, but in section Rudna II, sulphur show no relationship to the uranium content. In sample R12 the sulphur content reaches 5%, while the uranium content is lower than 6 ppm. In sample S1 of the Sangerhausen section, the sulphur content is 1.46% and the uranium reaches 160 ppm. However, in sample S3, the sulphur content is 4.01%, whereas the uranium content is only 66 ppm. In the Konrad section, the highest sulphur content of 1% is present in sample KD35, whereas its uranium content is only 4 ppm; in sample KD32, the sulphur content is 0.3%, whereas the uranium content reaches 9 ppm. This phenomenon may indicate that the sulphur content is not the most important factor for uranium accumulation in the Kupferschiefer.
c. Uranium and Copper contents
The highest uranium contents are occurring together with the highest copper contents in the Lubin I, Sangerhausen, Rudna I, Polkowice, and Sieroszowice sections. In other sections, however, high-uranium content and high-copper content does not occur in the same samples. In both Konrad sections, the uranium contents are lower than 10 ppm. Their values are close the background uranium content in sediments. In other word there is no uranium enrichment in the Kupferschiefer in this area. In the Rudna II section, the copper content in sample R12 reaches 14.5%, whereas the uranium content is lower than six ppm. This phenomenon may indicate that the mechanism of uranium enrichment is different from that of copper enrichment.
d. Uranium and Thorium contents
The Thorium content is relatively stable in sediments mainly because it is difficult to remove by geochemical processes. Therefore, it is common to use the uranium/thorium (U/Th) ratio to investigate the content of uranium. If there is no uranium enrichment after sedimentation, U/Th ratios should be stable in all samples. In this study, most U/Th ratios are lower than 1. However, their ratios in the bottom sections are higher than 1. The highest U/Th ratios of 50 are observed in sample S2, which is located in the bottom of the Sangerhausen section. In the bottom samples of other sections, U/Th ratios vary from 2 to 20. This phenomenon might indicate uranium enrichment in the bottom parts of the sections.
e. Uranium and geological setting
In order to clarify the accumulation mechanism of uranium, geological setting must be considered because redox conditions were controlled by it. Two sections were selected from the Konrad mine, where carbonate was deposited instead of black shale. The S and C org contents are lower. The oxidized brine from the underlying Rotliegende moved up to the Kupferschiefer, but there was no significant difference in the Ph and Eh conditions at this location. No redox boundary exists in this area subsequently no uranium enrichment occurred here. In the Sangerhausen mine, C org content reaches 15.7%. The oxidized brine from the underlying Rotliegende moved into black shale. A strong redox boundary was formed in this area leading to uranium enrichment and the highest uranium concentration was seen in this section. In the sections from the Rudna, Lubin, Polkowize, and Sieroszowice mines, the redox boundary is stronger than in the Konrad mine and weaker than in the Sangerhausen mine. The uranium contents are higher than in the Konrad mine and lower than in the Sangerhausen mine.
In order to study the origin of uranium, a section was selected from structurecontrolled Kupferschiefer zone (Oberkatz Shwelle). In this area the Rotliegende is missing and a strong redox boundary could not be formed. Although faults could be good pass-way for uranium migration, lack of a strong redox boundary prevented uranium enrichment in this area.
A section was selected from the veinlet Kupferschiefer in the Lubin mine. The uranium content is extremely high in the sample from a horizontal fracture. Its value reaches 125 ppm, and 15 times higher than the adjacent samples. The U/Th ratio reaches 21. It is apparent that there is addition uranium content in this sample.
V. CONCLUSIONS
The mechanism of uranium accumulation in the Kupferschiefer is mainly due to the redox boundary between the Kupferschiefer and the Rotliegende. The uranium in the Rotliegende occurred as soluble U(VI) species permitting aqueous transport up to the Kupferschiefer; organic matter and sulphur service as reductant, U(VI) species uranium was reduced to U(IV) and then precipitated as uraninite (pichlende). Organic matter is the main reductant. In most samples, the uranium contents are lower, and the U/Th ratios are lower than 1 and are most likely indicating syn/sedimentary enrichment. In the bottom and fracture samples, its contents are extremely high. This might indicate that uranium was transported from underlying sediments during diagenesis.
